Abstract. Bladder cancer is the ninth most common carcinoma worldwide, and improving the sensitivity of this cancer to chemotherapy is a current clinical challenge. Metformin is a potentially useful therapeutic agent for the treatment of certain types of cancer. In the present study, metformin and cisplatin (a first-line chemotherapeutic agent for the treatment of bladder cancer) were administered to T24 and BIU-87 bladder cancer cells lines alone or in combination, prior to undergoing MTT assay and fluorescence
Introduction
As the ninth most common carcinoma diagnosis worldwide, >330,000 new cases of bladder carcinoma are diagnosed and >130,000 mortalities occur annually (1) . Upon initial diagnosis of bladder cancer, approximately two-thirds of cases are diagnosed as non-muscle invasive bladder cancer (NMIBC) and almost one-third as muscle-invasive bladder cancer (MIBC). Although radical cystectomy is the gold standard treatment strategy for patients with MIBC, ~50% of patients diagnosed with MIBC have imperceptible metastases at the time of treatment of the primary tumor. Furthermore, almost one-quarter of patients that undergo radical cystectomy present with lymph node involvement at the time of surgery. Therefore, this gold standard treatment strategy only provides a five-year survival rate of ~50% (2) . To improve these results, peri-operative chemotherapy was introduced in the 1980s. Further studies have indicated that treatment with cisplatin-based neoadjuvant chemotherapy may significantly enhance overall survival (3) . However, as only ~50% of patients with MIBC respond to cisplatin-based chemotherapy (3), the identification of novel therapeutic strategies for the treatment of bladder carcinoma is required.
Metformin is an anti-diabetic agent that is typically prescribed to treat type 2 diabetes; however, it has recently received attention as a potentially useful therapeutic agent for the treatment of certain types of cancer (4) (5) (6) (7) . Previous studies have demonstrated that the combination of metformin and typical chemotherapeutic agents may inhibit the proliferation of breast cancer cells (8) . Furthermore, in animal experiments, metformin in combination with the chemotherapeutic agent doxorubicin exhibited significant efficacy in the extermination of cancer stem cells, compared with that of doxorubicin alone (9) . However, whether metformin is able to increase the sensitivity of bladder cancer to the chemotherapeutic agent cisplatin, as well as its exact mechanism remains to be elucidated. Therefore, the current study aimed to analyze the antitumor efficacy of metformin treatment in combination with cisplatin on bladder cancer cell lines and explore the potential mechanism underlying this effect. Treatment strategy. On day 1, a total of 5,000 cells/well were plated and grown on 96-well plates prior undergoing the following four treatment protocols: Untreated control, metformin alone, cisplatin alone or metformin in combination with cisplatin. On day 2, new medium containing DMSO, metformin alone, cisplatin alone or metformin in combination with cisplatin was added following removal of the culture medium. The cells were incubated at 37˚C in an atmosphere of 5% CO 2 . Subsequently, assays were performed on day 4.
Materials and methods

Cell
Cell viability assay. The effect of cisplatin and metformin on cell viability was analyzed by performing an MTT assay. Briefly, T24 or BIU-87 cells were subjected to the aforementioned treatment protocol with metformin (0.5 µM) and/or cisplatin (2 µm) for 0, 24, 36 or 48 h. Following removal of the medium and the addition of MTT solution, the cells were incubated for 1 h. Subsequently, the MTT solution was replaced with 100 µl DMSO. Thereafter, the optical density (OD) of the cells was measured using an xMark™ Microplate Absorbance Spectrophotometer (Bio-Rad Laboratories, Inc., Hercules, CA, USA; catalog no. 168-1150) at a wavelength of 560 nm. Cell viability (%) was calculated using the following equation: OD treated wells / OD control wells x 100%.
Cell cycle analysis. T24 and BIU-87 cells were treated as follows: Metformin (0.5 µM), cisplatin (1 µM), metformin and cisplatin or DMSO as a control for 48 h. Following treatment, cells were collected by trypsin digestion, washed in phosphate-buffered saline (PBS) and incubated for 24 h in 70% ethanol. Cells were resuspended in PBS containing 10 µg/ml propidium iodide and incubated in the dark for 30 min at 4˚C. The DNA content of the cells was analyzed by fluorescence-activated cell sorting (FACS) using a FACScan II and CellQUEST software (Beckton Dickinson, Moutain View, CA, USA). All remaining experimental steps for FACS analysis were performed as previously described (10) .
Western blot analysis. Cells were seeded in 96-well microtiter plates and subjected to the aforementioned treatments, prior to the preparation of cell lysates, followed by protein fractionation and transfer, performed as previously described (11) . The following human reactive antibodies were used for western blot analysis: primary AMPK (1:100 dilution), anti-p-AMPK (1:1,000 dilution), anti-mTOR (1:2,000 dilution) and anti-p-mTOR (1:1,000 dilution) antibodies and corresponding horseradish peroxidase-conjugated goat antimouse IgG secondary antibodies, at dilutions of 1:2,000, 1:4,000, 1:2,000 and 1:5,000, respectively. Protein expression was then visualized using Luminol reagent (Santa Cruz Biotechnology, Inc.) and an Odyssey ® scanner (LI-COR Biosciences, Lincoln, NE, USA).
Establishment and treatment of mouse xenograft models.
In the present study, all animals were obtained from, and experiments authorized by, the Experimental Animal Center of Chongqing Medical University (Chongqing, China). A total of 32 four-week-old male athymic BALB/c nu/nu mice (mean weight, 24.2 g) were kept in individually ventilated cage systems with sterilized bedding at 20-25˚C. The mice received sterlized food and acidified water daily and were exposed to 12 h light/dark cycles. BIU-87 cells (2x10 7 ) in 100 µl RPMI-1640 and 200 µl Matrigel were subcutaneously injected into the left hip of each mouse. Mice were administered with metformin and cisplatin for four weeks and tumor volumes were subsequently measured, as described previously (12) (13) (14) .
Immunohistochemical analysis of xenograft tumors. Mice were sacrificed by dislocation of the cervical vertebra, and tumors were surgically excised, fixed in 10% formalin, embedded in paraffin and cut into 5-mm thick sections for immunohistochemical staining. All staining steps were performed according to the manufacturer's instructions. The primary antibodies and incubation conditions were as follows: Mouse monoclonal anti-Ki-67 at a 1:500 dilution in ready-to-use form at room temperature for 30 min, rabbit polyclonal anti-AKT in a 1:500 dilution at room temperature for 2 h, rabbit polyclonal anti-p-AKT, in a 1:1,000 dilution at room temperature for 2 h, and rabbit polyclonal anti-CD34 in a 1:1,500 dilution at 4˚C overnight. The microvessel density (MVD) score was calculated as previously described (15) .
Statistical analysis. Prism software (version 5.0; GraphPad Software, Inc., San Diego, CA, USA) was used to construct charts and perform all statistical analyses. Data were analyzed using the Student's t-test or one-way analysis of variance (Tukey's post test), as indicated in the figure legends, and are expressed as the mean ± standard deviation. P<0.05 was considered to indicate a statistically significant difference.
Results
Metformin and cisplatin inhibit T24 and BIU-87 cell viability in vitro.
The MTT assay results demonstrated that a metformin concentration of >1 and >2 µM significantly inhibited T24 and BIU-87 cell viability, respectively (Fig. 1A) . By contrast, a significant change in the viability of T24 and BIU-87 cells was induced by cisplatin at concentrations of 3 and 4 µM, respectively (Fig. 1B) . Therefore, a concentration of 0.5 µM metformin and 2 µM cisplatin was selected for use in the subsequent experiments.
Combined treatment with metformin in combination with cisplatin inhibits bladder cancer cell proliferation. To observe the efficacy of metformin alone or in combination with cisplatin (Fig. 1C and D) . The MTT assay results indicated that metformin in combination with cisplatin inhibited T24 and BIU-87 cell proliferation in a time-dependent manner. Furthermore, a significant decrease in the proliferation of T24 and BIU-87 cells was observed in the combined treatment group compared with that of the metformin and cisplatin alone treatment groups at 48 h (P<0.05).
Combined treatment with metformin and cisplatin alters bladder cancer cell cycle distribution. Following the treatment of T24 and BIU-87 cells with metformin alone, cisplatin alone or cisplatin in combination with metformin for 48 h, PI staining and FACS were used to analyze changes in the cell cycle in response to these agents. Cell cycle analysis identified that co-treatment resulted in an enhanced sub-G1 population when compared with monotherapy, for the two investigated cells types (Fig. 2) . Thus, the current results indicated that the pro-apoptotic effect of metformin combined with cisplatin is greater than that of metformin and cisplatin treatment alone.
Cisplatin and metformin treatment alter the expression of proteins associated with the AMPK and mTOR signaling pathways in bladder cancer cell lines. Western blot analysis was performed to investigate the mechanism underlying the effects of metformin and cisplatin co-treatment on the cell cycle. In the T24 and BIU-87 cells, cisplatin-induced downregulation of p-mTOR was reinforced by co-treatment with metformin, while cisplatin-induced downregulation of p-AMPK was not altered by co-treatment with metformin. However, no marked changes in mTOR and AMPK expression were identified in the two types of cell (Fig. 3) .
Cisplatin and metformin co-treatment decreases the size and weight of BIU-87 xenograft tumors.
Considering that the aim of the present study was to establish a novel therapeutic strategy for the treatment of advanced bladder cancer cells, which are not sensitive to cisplatin, the BIU-87 cell line was selected for the in vivo investigation as its 50% inhibitory concentration following treatment with cisplatin for 48 h was significantly higher than that of T24 cells (data not shown). To assess the in vivo antitumor efficacy of co-treatment with cisplatin and metformin, nude mice bearing BIU-87 tumor xenografts were treated with cisplatin, metformin or a combination of the two agents for four weeks. The doses of cisplatin and metformin used were selected based on the results of initial investigations aimed at identifying the doses required to inhibit the growth of bladder cancer xenografts (data not shown). The size and weight of the tumor xenografts were significantly decreased following treatment with cisplatin or metformin alone compared with those of the untreated (control) xenografts (data not shown). Furthermore, the growth of combined cisplatin and metformin-treated xenografts was significantly inhibited when compared with monotherapy-treated xenografts. However, no significant body weight loss was observed during the four-week treatment process, indicating that the treatment strategies were well-tolerated with no obvious toxicity. Thus, the results of the present study indicate that the antitumor efficacy of cisplatin combined with metformin is greater than that of cisplatin and metformin alone.
Cisplatin in combination with metformin decreases tumor growth and angiogenesis.
To investigate the tumor growth and angiogenesis mechanisms of cisplatin and metformin, immunostainings of Ki-67 and CD34 were performed, respectively (Fig. 4) . The Ki-67 labeling index data revealed that tumors from mice treated with cisplatin without metformin had decreased levels of proliferation when compared with those of the control mice ( Fig. 4A and B) . Furthermore, combined treatment with metformin and cisplatin resulted in a marked decrease in the Ki-67 labeling index compared with that of cisplatin monotherapy ( Fig. 4B and D) . In agreement with the aforementioned data, MVD analysis revealed that mice treated with cisplatin or metformin alone exhibited decreased MVD compared with that of the control group (Fig. 4E-G) . Similarly, a marked decrease in MVD was observed in the metformin and cisplatin co-treatment group compared with that of the cisplatin monotherapy group (Fig. 4A and H ).
Cisplatin and metformin co-treatment decreases the expression on p-AKT in BIU-87 xenografts.
Finally, the metformin-induced inhibition of tumor growth and angiogenesis was analyzed by investigating the change in AKT protein expression levels associated with the AKT/mTOR signaling pathway. AKT expression was assessed by western blotting using equal weights of BIU-87 xenografts from nude mice. Expression of AKT protein was not significantly altered in the metformin-treated cells compared with that of the control cells. However, the expression levels of p-AKT protein were significantly decreased in the co-treatment group compared with those the monotherapy treatment groups (P<0.05) (data not shown).
Discussion
Human bladder cancer is one of the most fatal types of cancer in the world and, in certain countries, the incidence rate is increasing (1) . In addition to surgical treatment, systematic chemotherapy is a common therapeutic strategy in the treatment of bladder cancer, particularly for patients with advanced and metastatic bladder cancer (16, 17) . However, despite rapid shrinkage of the tumor mass following chemotherapy, the chemoresistance of carcinoma cells typically results in subsequent recurrence and metastasis of the cancer. For example, although a cisplatin-based combination chemotherapeutic strategy is a realistic alternative to cystectomy in advanced or metastatic bladder cancer, the development of cisplatin resistance is common amongst patients with bladder cancer (3) . Recent studies have demonstrated that metformin exhibits an antiproliferative effect on carcinoma cells, directly as well as indirectly, by ameliorating insulin sensitivity, and decreasing hyperinsulinemia, respectively (4, 18, 19) . Therefore, the present study aimed to observe whether the application of cisplatin in combination with metformin exhibited greater efficacy compared with that of cisplatin monotherapy for the treatment of human bladder cancer.
In the present study, only a marginal decrease in the viability of cells treated with 2 µM cisplatin or 0.5 µM metformin alone was identified. However, cell viability was significantly reduced by co-treatment with cisplatin and metformin at these concentrations for 48 h. These results indicated that combined treatment with cisplatin and metformin may be more effective against T24 and BIU-87 cell proliferation in vitro than treatment with cisplatin and metformin alone. Subsequently, the combined effect of cisplatin and metformin treatment was compared with that of the effect of cisplatin treatment alone. Cell cycle assays revealed an increased sub-G1 phase cell population in the cisplatin and metformin treatment groups in all cell lines. In particular, the ratio of sub-G1 cells was increased most potently by co-treatment compared with that of cisplatin and metformin monotherapy. The mechanism of this combined effect was then examined by measuring the expression levels of proteins associated with cellular AMPK and mTOR signaling. AMPK is an energy receptor within cells. Thus, a change in intercellular pressure or the consumption of glucose may increase the AMP/ adenosine triphosphate (ATP) ratio, activating AMPK expression by phosphorylation, and promoting the synthesis and utilization of glucose reabsorption. Therefore, AMPK is a critical regulatory pathway under normal physiological conditions (20) . However, the predominant function of AMPK in tumors is to inhibit tumor cell proliferation and regulate apoptosis. It has been reported that metformin may induce a loss of mitochondrial membrane potential and inhibition of ATP production, which may consequently activate expression of the AMPK protein in prostate cancer cells (21, 22) . The results of the present study demonstrated that treatment with cisplatin increased the expression of p-AMPK; however, no significant change in the expression of p-AMPK was detected following treatment with metformin. Therefore, it appears that metformin does not inhibit the proliferation of bladder cancer cells via the AMPK signaling pathway. mTOR is a member of phosphatidyl inositol kinase-related enzyme family and is key in mediating the cell proliferation process (23) . A previous study revealed that mTOR expression was increased in the majority cancer patients, and that hyperthyroidism and the phosphorylation of mTOR may promote tumor cell proliferation, differentiation, cell cycle regulation, growth and angiogenesis. However, mTOR expression may also be associated with the insensitivity to chemotherapy and targeted therapy of malignant tumors (24) . To explore the mechanism by which metformin inhibits bladder cancer cells, the present study investigated whether p-mTOR protein expression levels, which represent the degree of activation of the mTOR signaling pathway, were altered following treatment with cisplatin alone or in combination with metformin by western blot analysis. The present study verified the role of cisplatin in decreasing the transcriptional activity of mTOR and determined that cisplatin in combination with metformin exerted a more significant inhibitory effect on the mTOR signaling pathway.
Subsequently, whether cisplatin and metformin exhibited a combined effect on the xenograft tumor was examined. It was identified that the volume and weight of the xenograft tumor were significantly reduced by co-treatment with cisplatin and metformin, compared with the control and monotherapy groups. Furthermore, there was no apparent loss of body weight in the mice co-treated with cisplatin and metformin. Considering these results, it appears that combination therapy with cisplatin and metformin may respresent a safe and effective strategy for the inhibition of BIU-87 cell proliferation in vivo. To investigate the mechanisms underlying this combination effect, the protein expression levels of Ki-67 and CD34 were determined in isolated xenografts using immunohistochemical analysis. Ki-67 protein is typically considered to be a cell proliferation activity biomarker and research tool, with decreased Ki-67 protein expression indicating a general decline in cell proliferation (25) . Thus, the present study assessed the Ki-67 labeling index and MVD, and clarified that combination therapy significantly inhibited tumor growth and angiogenesis compared with monotherapy. AKT is a major signaling molecule involved in regulating cell survival, proliferation, growth and angiogenesis. Furthermore, mTOR is a key substrate of AKT, with AKT able to activate mTOR and its downstream signaling pathways by directly phosphorylating serine sites on mTOR (26) . In the present study, expression of p-AKT, the activated form of AKT, was significantly decreased in xenograft tumors following treatment with combined therapy of cisplatin and metformin, compared with that of the monotherapy group. This data further indicated that metformin enhances the cisplatin sensitivity of bladder cancer cells via the AKT/mTOR signaling pathway, as opposed to the AMPK signaling pathway.
The present study was limited by the use of only two types of bladder carcinoma cell and the generation of in vivo data from a xenograft tumor of a single cell line (BIU-87). Therefore, the evaluation of additional bladder cancer cell lines is required to establish the clinical potential of metformin and cisplatin co-administration for the treatment of bladder cancer.
In conclusion, the present study demonstrated that cisplatin combined with metformin had a synergistic anti-tumor effect in the treatment of human bladder carcinoma cells. In addition, the current study may encourage the future joint clinical application of metformin and cisplatin in bladder cancer. However, additional in vivo validation is required to determine whether the clinical application of this treatment strategy is able to achieve a satisfactory clinical outcome.
